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Abstract—This paper presents the design of a new dual-
polarised Vivaldi feed for the Hydrogen Epoch of Reionization
Array (HERA) radio-telescope. This wideband feed has been
developed to replace the phase I dipole feed, and is used to
illuminate a 14-m diameter dish. It aims to improve the science
capabilities of HERA, by allowing it to characterise the 21-cm
hydrogen signal from the Cosmic Dawn as well as from the Epoch
of Reionization. This is achieved by increasing the bandwidth
from 100 – 200 MHz to 50 – 250 MHz, optimising the time
response of the antenna - receiver system, and improving its
sensitivity. This new Vivaldi feed is directly fed by a differential
front-end module placed inside the circular cavity and connected
to the back-end via cables which pass in the middle of the tapered
slot. We show that this particular configuration has minimal
effects on the radiation pattern and on the system response.
Index Terms—Telescopes, Radio astronomy, Receivers, Reflec-
tor antennas, Vivaldi antennas.
I. INTRODUCTION AND SCIENTIFIC CONTEXT
THE Hydrogen Epoch of Reionization Array (HERA)(https://reionization.org) is a radio-telescope which has
been designed to study the early universe and characterise the
formation and evolution of the first galaxies and stars. It is
currently being built in the Karoo desert in South Africa [1]. In
its final configuration, this radio-interferometer will comprise
320 antennas forming a dense hexagonal core, as well as
30 additional outrigger antennas [2]. Each antenna consists
of a 14-m parabolic dish illuminated by a feed suspended
5 m above (cf. Fig. 1). The initial system has a nominal
frequency bandwidth between 100 and 200 MHz, and it has
been collecting data since 2015, while being expanded.
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Before the formation of the first structures, our universe
was dark and mainly composed of neutral atoms of hydrogen
which emit photons at the wavelength of 21.1 cm, i.e. 1420.4
MHz. This emission occurs when the spin configuration of the
nucleus and electron flips, passing from parallel to antiparallel.
Thanks to the detection of this signal, it is possible to study
the characteristics and the distribution of the neutral hydrogen
in the ”intergalactic medium” (IGM) [3]. However, the signal
is redshifted because of the expansion of the universe. A signal
emitted 115 million years after the Big Bang, i.e. 13.7 billion
years ago, reaches the Earth with a frequency of 50 MHz, and
a signal received at 250 MHz was emitted 1.3 billion years
after the Big Bang. Thus, the frequency of the hydrogen signal
allows us to characterise different periods of the early universe.
After the formation of the very first stars during the ”Cosmic
Dawn”, about 200 million years after the Big Bang, the IGM
started to be heated and subsequently ionised by the X-rays
and UV radiations emitted. The quantity of neutral hydrogen
along with the intensity of its signal progressively decreased:
this is the ”Epoch of Reionization” (EoR). Typically, the first
galaxies formed ”ionization bubbles” around them [4], and the
absence of hydrogen signal in a cosmic volume reveals the
presence of galaxies inside or nearby. In terms of frequency,
the EoR corresponds to redshifted hydrogen emission between
about 100 and 200 MHz. The reionization is expected to be
an isotropic phenomenon at sufficiently large spatial scale.
Therefore, in this experiment the dishes are fixed on the
ground, point towards the zenith, and collect the signal from
the drifting sky for months, in order to achieve a statistical
detection of the EoR [5]. Thanks to the study of this signal
at different spatial scales and periods, it is possible to infer
information about the formation, distribution, and evolution
of the first structures of our universe [6].
Detecting the hydrogen signal from the EoR is extremely
challenging. It is contaminated by the ”foreground”, which
corresponds to the additional radio signals mainly com-
ing from galactic synchrotron emission and bright compact
sources. The foreground brightness temperature is about four
to five orders of magnitude more intense than the expected
EoR signal [7]. Therefore, it is essential to mitigate its contri-
bution, either by subtracting it from the received signal, or by
analysing a specific portion of a parameter space which is not
affected. The first method requires a very accurate knowledge
of the foreground along with the systematics induced by the
instrument, which is hard to achieve in practice. That is why
HERA has been initially designed to apply a ”foreground
avoidance” method which is based on the spectral differences
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between these two signals. For a cold patch of sky, the
frequency spectrum associated with the foreground is rather
smooth, whereas the EoR frequency signal significantly varies
because of its spatial and temporal fluctuations.
Since HERA is a radio-interferometer, each pair of antennas
independently measures the visibility from the sky over a cer-
tain bandwidth [8]. Then, by Fourier transforming the visibility
from the frequency to the time domain, one obtains a delay
spectrum which is relatively compact for the foreground, and
which spreads for the EoR signal [9]–[11]. The delay spectrum
of the received signal at high delays should be free from
foreground contamination in theory. Thus, by analysing this
portion of signal, it is possible to retrieve partial but essential
information about the reionization associated to specific spatial
scales. However, in this approach the separation between the
delay spectra of the foreground and of the EoR greatly depends
on the smoothness of the system response [12], [13]. The
incident signal is convolved with the system time response,
and the multiple reflections spread the foreground contribution
at high delays, which may jeopardise the detection of the EoR.
In HERA phase I, the feed consists of two orthogonal 1.3-
m long dipoles surrounded by a metal cage to taper the beam
(cf. Fig. 1). It was initially designed along with a receiver
for the Precision Array for Probing the Epoch of Reionization
(PAPER) [14], the precursor of HERA. From this project, the
dipoles were recycled, optimised, and combined with a dish
[15] in order to reach the sensitivity required for a robust
detection. By using computer simulations, measurements, and
data analysis, [16]–[19] studied the chromatic effects in the
array and their impact on the EoR detection. These papers
showed that the HERA phase I system is affected by reflections
occurring between the feed and the dish, inside the cage,
within the transmission cables connecting the front-end to the
back-end modules, and by mutual coupling between the dishes.
Therefore, a new feed and a receiver have been developed, in
order to improve the performance in terms of time response,
bandwidth, and sensitivity. In HERA phase II, the dipoles are
replaced by wideband Vivaldi feeds [20], [21] which cover a
frequency band between 50 and 250 MHz, to also study the
Cosmic Dawn and confirm the end of the reionization period.
As for the new receiver, it uses a radio-over-fibre system to
mitigate the reflection problems caused by the coaxial cables.
This paper describes the development of this new Vivaldi
feed, and details its performance in the framework of the
EoR signal detection with the foreground avoidance method.
Section II presents the electromagnetic and mechanical design
of the feed. Section III explains how the front-end module
(FEM) and the cables are integrated into the Vivaldi feed with
a minimal influence on its performance. Lastly in Section IV,
by combining the electromagnetic model of the antenna with
the parameters of the receiver, the performance of the phase
II system is assessed and compared with HERA phase I.
II. ELECTROMAGNETIC SIMULATIONS AND MECHANICAL
DESIGN
A. Scientific requirements and goals
The scientific context and the method used to detect the
redshifted 21-cm hydrogen signal impose stringent require-
(a)
(b)
Fig. 1. Pictures of the HERA array under construction in the Karoo desert
(South Africa). The top picture shows the array with the former phase I dipole
feeds, and the bottom picture the new Vivaldi feeds which are being deployed.
ments on the design. The top priority is to extend the system
bandwidth from 50 to 250 MHz while minimising the instru-
ment chromaticity. The chromatic effects can be quantified by
studying the frequency and time responses of the system. The
goal is to attenuate the time voltage response of the antenna
along with the receiver by a factor 105 as quick as possible,
as will be discussed in Section IV-C. By minimising the
attenuation delay, one maximises the quantity of information
about the EoR which can be obtained from the received signal.
As a goal, the system time response should be attenuated by
a factor 105 after 150 ns [12]. In the frequency domain, this
means that the parameters of the antenna and of the receiver
must be smooth. The antenna impedance should also be as flat
as possible and close to 100 Ω in order to make the matching
with the differential amplifier easier in terms of power and
voltage reflection coefficients, and in terms of receiver noise.
The sidelobe level must be kept as low as possible to limit the
mutual coupling, and prevent bright sources from contaminat-
ing the signal received by the main lobe. The feed also needs
to be dual-polarised. Lastly, the antenna sensitivity should be
optimised in order to reduce the observation and integration
times required to obtain a significant statistical detection. This
can be achieved by improving the antenna gain at zenith and
by minimising the noise temperature generated by the receiver.
If the receiver noise temperature is below about 80 K, then one
can consider that the system temperature is dominated by the
sky emission in the bandwidth of operation [22], and therefore
the contribution from the receiver is less problematic.
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B. Design constraints
The feed selection and its design are also driven by some
mechanical constraints. The feed weight has to be kept below
50 kg in order to be transportable by two persons and sup-
ported by the suspension system. As illustrated in Fig. 1, the
array is dense. Therefore, the feed has to be compact enough
so that it can be carried between the dishes, and passed through
the structural lattice supporting the parabola to be positioned
at its centre. The design also has to be robust in order to last
several years in the desert, and withstand wind gusts which
regularly exceed 50 km/h and can blow up to 100 km/h.
A horn is a wideband feed commonly used to illuminate
a dish, but under these constraints it would not be a suitable
choice because it would require an aperture of about 3 m
in order to work at 50 MHz. Moreover, the rigging system
only enables the feed to be suspended 5 m above the dish
maximum. Since the focal point of the dish is 4.5 m above
the vertex, the feed length also has to be limited. Regarding
this aspect, planar wideband antennas such as sinuous or spiral
antennas [23] may appear as a good option. However like with
the dipole feed, they require a backplane or a cavity to cancel
out the symmetric backlobe radiations [24], which can be a
significant source of chromaticity.
C. Design presentation
Following these requirements, a Vivaldi feed was chosen
as a candidate to replace the dipole and illuminate the 14-m
diameter dish. Initially developed by P. Gibson in 1979 [20],
this ”travelling wave” antenna consists of a metal plate with
a tapered slot terminated by a circular cavity. The antenna is
fed at the beginning of the slot, and the resonant cavity acts
as an open circuit which orientates the direction of radiation.
Thanks to its exponential curvature which adjusts the antenna
aperture to the incident or radiated wavelength, the antenna
pattern is smooth and its impedance stable over a very wide
frequency band. Such an antenna produces a directive radiation
pattern, linearly polarised, symmetric, with low sidelobes, and
a peak directivity which can easily exceed 10 dBi [25], [26].
Mechanically, its planar configuration makes it light, cheap
and easy to manufacture. Consequently, this type of design can
be used as a feed [21] and presents very interesting properties
in the framework of the EoR signal detection with HERA.
Fig. 2. Dimensions of the Vivaldi blade.
The feed is dual-polarised and made up of two blades in
aluminium, orthogonally placed to generate the X and Y-
polarisations. The dimensions of a blade are presented in Fig.
2. It can be divided into two sections: the top part which
contains the circular cavity, the feed point, and the FEM, and
the bottom part with the exponential slot. The feed is 160-cm
high. The slot has a maximum aperture of 182 cm and a height
Hs of 100 cm. The antenna is fed at the top of the slot by
the FEM which is placed inside the 35-cm diameter cavity. At
the feed point, the slot width WsMin is 4 cm. In the Cartesian
coordinate system defined in Fig. 2 with the red dot as the
origin, the equation of the exponential aperture Ap (z) is:
Ap (z) = α
(
eβz − 1) + WsMin
2
, (1)
with:
α =
WsMax −WsMin
2 (eβHs − 1) . (2)
z represents the distance from the origin, and varies from 0
to Hs = 100 cm. β controls the exponential growth rate of
the slot and is equal to 0.07. In practice, the slot follows an
exponential function until it reaches an aperture WsMax of 120
cm. Then, the aperture is curved following a 25-cm radius disc,
in order to reduce the diffraction from the edges.
Thus, the maximum aperture is 1.82 m, which is actually
rather small compared with the maximum wavelength at 50
MHz, λmax = 6 m. Ideally, the aperture should be about 3-
m wide (λmax/2) to properly guide the electromagnetic wave
[25]. A 1.82-m aperture is theoretically associated with a min-
imum frequency of 82 MHz. However, this cut-off frequency
is not abrupt, and the antenna is still able to receive larger
wavelengths. In this case, the main radiation mode changes,
and the feed starts behaving like a wideband dipole. This
transition manifests by an increase in the backlobe radiations
of the feed and a slow degradation of the performance of the
antenna at low frequencies (cf. Section IV).
D. Optimisation process with numerical simulations
1) Feed parametrisation
The feed is optimised along with the dish from 50 to 250
MHz using CST. Since the antenna has a complex geometry
which includes small and large elements, is wideband, and
the time response is a crucial parameter, the transient solver
based on the ”finite integration technique” (FIT) is used [27].
During the optimisation process, the dimensions of the feed
are parametrised and swept (cf. Table I).
First, the main dimensions of the feed, namely the slot
length, the maximum slot aperture and the exponential growth
rate are optimised together. These parameters control the
general properties of the beam and the antenna impedance. In
a second phase, the minimum slot width, the metal thickness
of the blade, and the diameter of the cavity are optimised
together. Moderate variations of these parameters do not
significantly impact the antenna beam, but only its impedance.
Thus, the impedance of the FEM can be easily matched by
tuning this second set of parameters. The design obtained after
this first optimisation step is presented in Fig. 3 (a).
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TABLE I
MAIN OPTIMISED PARAMETERS AND SWEPT RANGE
Parameters Description Min. value Ref. value Max. value
Hs Slot length 80 cm 100 cm 140 cm
WapMax Max. feed
aperture
162 cm 182 cm 222 cm
β Exponential
growth rate
0.04 0.07 0.13
WsMin Min. slot
width
2 cm 4 cm 8 cm
Tbl Blade
thickness
1 cm 3 cm 7 cm
Dcav Cavity
diameter
30 cm 35 cm 45 cm
Fh Feed height 4.8 m 5.0 m 5.2 m
Fig. 3. Evolution of the design during the optimisation process with the aim
of reducing the weight and the wind load of the feed.
2) Feed height and dish illumination
The feed height has also been optimised in order to max-
imise the peak gain. The optimal height is reached when the
distance between the vertex of the dish and the feed point
(red dot in Fig. 2) is equal to 5 m. Simulations show that the
phase centre of the feed varies as a function of the frequency
and is actually about 50±20 cm below this point. Thus, the
phase centre is around 4.5 m above the vertex, which does
correspond to the focal point of the dish.
In order to quantify the way the dish is illuminated by the
feed, the spillover and taper efficiencies [28], [29] are com-
puted as a function of the subtended angle or F/D ratio, in Fig.
4. The dashed line represents the actual F/D of the dish, equal
to 0.32. Above 90 MHz, the spillover efficiency is about 60% –
70%, and most of the losses actually come from the backlobe
of the feed. Below, it drops to about 50% because the dish
also becomes over-illuminated. The absence of a backplane
and a cage around the feed limits the possibilities to control
the beam. On the other hand, the E-field which illuminates
the dish is relatively uniform in amplitude and phase across
the whole aperture, and therefore the taper efficiency is high,
above 80%. The aperture efficiency, which also includes the
radiation efficiency and the impedance mismatch efficiency
here, confirms that the selected feed has optimum performance
for the F/D of the HERA dish. It is between 50% – 70% above
90 MHz, and around 40% below.
Fig. 4. Spillover, taper, and aperture efficiencies as a function of the subtended
angle or F/D, for the model (f). The dashed line corresponds to the actual F/D
of the dish (0.32).
3) Design evolution and fine-tuning
Fig. 3 illustrates the evolution of the design. Because of the
mechanical constraints, the weight and the wind load of the
feed need to be reduced by cutting out some parts. Fig. 5 shows
the simulated current distribution at the surface of the blade, at
150 MHz. The current mainly flows along the aperture of the
slot and along the cavity edge. The contribution from the top
part and from the centre of the blade to the radiation process
is relatively marginal. Therefore, these areas can be trimmed
without significantly affecting the performance.
Fig. 5. Simulation of the surface current distribution at 150 MHz (absolute
value of the amplitude in A/m), for the model (a) and (f).
Fig. 6 and 7 show the evolution of the antenna impedance
and of the gain at zenith, including the dish. After parametric
optimisation, the model (b) is obtained. The ”neck” of the
antenna is then shortened (model (c)) to reduce the size of the
triangular frame which supports the feed (cf. Fig. 8). These
cutouts slightly modify the gain with variations of ±10 % with
respect to the model (a). The thickness of the blade is used to
control the impedance level so that it is around 100 Ω. Ideally,
the metal plates should be 3-cm thick, but this makes the feed
extremely heavy. Therefore, 0.2-cm thick plates are used and
3-cm wide flanges are perpendicularly tack welded along the
length of the slot. Since the electromagnetic wave is mainly
guided by the slot, the properties are rather equivalent. On
average, the impedance is increased by 15 + 10j Ω with respect
to a model with 3-cm thick plates, but the profile remains the
same. The addition of the flanges has no significant effects
on the gain. In the model (d), the lower corners of the slot
are rounded. This improves the performance by decreasing the
amplitude between the maxima and minima of the impedance,
and by increasing the gain between 125 and 200 MHz.
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Lastly, holes are cut out of the blade to let the wind pass
through the feed. Since the current in the top part is minimal,
a large portion of the metal can be removed (model (e)). The
gain decreases by 0.5 dB at 80 MHz, and increases by 0.3
dB at 160 MHz. As for the bottom part, Fig. 5 shows that
the current is maximum along the slot over a 10 – 15-cm
wide strip. Therefore, this part is preserved and the inside of
the blade is trimmed. Three small holes are also cut out in
the corners. They do not significantly affect the current flow
which follows the curvature of the slot and naturally curls in
the round corners. This last modification degrades the gain
by about 0.5 dB above 175 MHz. Compared with the model
(a), the impedance profile remains similar, but its level has
been increased by about 30 + 25j Ω. As for the gain, the
performance is up to 20 % higher between 80 and 175 MHz.
Fig. 6. Evolution of the antenna impedance (with dish) during the optimisation
process.
Fig. 7. Evolution of the difference in the antenna gain at zenith during the
optimisation process, with respect to the model (a).
E. Mechanical design
The surface and the weight of the blades have been sig-
nificantly reduced, without compromising the antenna per-
formance. With respect to the model (a), the blade surface
has been decreased by 53 %, from 2.58 m2 to 1.20 m2. The
impact of these modifications on the wind profile has also been
assessed with a wind tunnel simulator. Each blade weighs 7.7
kg, and the whole feed structure 45 kg, thanks to the use of
thin metal plates and flanges perpendicular to the slot. The
presence of the flanges is actually only needed on the slot
aperture to tune the impedance, but they are continued around
the whole blade outline to improve the stiffness.
The feed consists of four independent aluminium plates
which are perpendicularly held together thanks to a structure
made of unplasticised polyvinyl chloride (UPVC) (cf. Fig. 8).
The blades and the UPVC structure are supported by a trian-
gular frame in glass reinforced plastic (GRP). These materials
have the advantage to be sturdy, weather-resistant, in particular
to hot temperatures and UV-sunlight, durable, relatively light,
and cost-effective. Compared with UPVC, GRP has superior
flexural and tensile strengths. This is necessary because the
triangular frame supports the weight of the feed as well as
the tension from the three Kevlar ropes which are used to
suspend it. The ropes are linked to pulleys placed at the top
of the wooden poles (cf. Fig. 1), and the feed can be moved
up and down thanks to crank handles. Reflective surfaces are
added to the structure to accurately position the feed by using
a laser system. These dielectric materials are quasi-transparent
to electromagnetic waves at these frequencies. The electrical
properties of the materials are included in the simulations, and
the radiation losses are below 0.1 dB.
Fig. 8. Mechanical model used for the CST simulations. The dielectric
structure appears in light blue (UPVC) and in yellow (GRP).
III. RF RECEIVER AND ANTENNA FEEDING
A. RF analogue receiver
The analogue receiver and the antenna were developed to-
gether to optimise the performance of the system. The receiver
consists of a front-end module (FEM) which is connected to
a post-amplifier module (PAM) via a 500-m optical fibre. The
PAM is then connected to the correlator for analogue-to-digital
conversion of the signal and processing. The received signal
is filtered by a bandpass filter. The total power gain smoothly
increases from 70 dB at 50 MHz to 88 dB at 220 MHz,
before dropping to 70 dB again at 250 MHz. The receiver
noise temperature is stable and on average around 75 K when
connected to the antenna impedance. More details about the
performance of the RF receiver and the design of the radio-
over-fibre system can be found in [30].
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Fig. 9. Picture of the front-end module (FEM).
B. Antenna feeding
The balanced feed is connected to the differential amplifiers
of the FEM via four pins, two for each polarisation, as
shown in Fig. 9 and 10. The FEM is positioned inside the
cavity of the feed (cf. Fig. 11), and simulations show that
the electromagnetic properties of the antenna, in particular
its impedance and the radiation pattern, are not significantly
affected. Thanks to this configuration, the distance between
the amplifiers and the antenna feed point is extremely short.
Thus, the noise caused by the ohmic losses from the feed line
and entering the FEM is negligible. Moreover, the impedance
matching is facilitated because the input impedance ”seen” by
the FEM is exactly the antenna impedance.
Fig. 10. Picture of the balanced feed point of the antenna. The shielded cables
pass between the flanges which are insulated to avoid electrical contacts.
C. Cabling
Fig. 11 shows how the FEM is connected to the antenna.
Four cables exit the module: two optical fibres which transport
the two polarisations of the received signal, a coaxial cable
with a shielded RJ45 connector which is used to send and
receive control data, and another coaxial cable with a SMA
connector used to power the unit. The management of the
two coaxial cables must be performed with care, since they
are metallic conductors. The main challenge is to connect
these cables from the FEM to the node without affecting the
symmetry of the beam and the system response. The solution
is to pass these cables along the symmetry axis of the feed, in
other words exactly in the middle of the blades as shown in
Fig. 12. Asymmetric cable configurations cause frequency and
spatial structures on the beam pattern, such as ripples, which
could mask the EoR signal. As shown in Fig. 10 and 11,
the cables go down as close as possible from the FEM, pass
between the pins and the flanges via a notch, before being
tightly guided in a dielectric conduit through the middle of
the slot. After reaching the vertex, the cables pass through
the central hole and then go under the dish. If the cables are
correctly aligned, detailed electromagnetic simulations show
that the radiated beam is not affected (cf. Fig. 12 and 14).
Fig. 11. Picture of the antenna, FEM, and cable assembly. The SMA power
cable and the RJ45 control cable are shielded with metal braided sleeves
which must remain electrically in contact.
Fig. 12. Simulations of the electric field (in V/m) radiated by the feed at
150 MHz. In picture (a), the two coaxial cables passing through the aperture
are not shielded, and so the E-field can propagate along. In picture (b), the
cables are inserted into metal braided sleeves in contact, which prevents the
formation of a parallel transmission line and the presence of standing waves.
However, measurements performed with a vector network
analyser (VNA) revealed the presence of periodic spikes in the
reflectometry data. They are visible in the antenna impedance
(cf. green curve in Fig. 13) and are the consequence of
reflections coming from the cables below the feed. Converted
into the time domain, these spectral features would jeopardise
the EoR detection. The outer conductors of the two cables
create a parallel transmission line along which the radiated E-
field propagates. The signal is then reflected at the end of this
line and standing waves form. The problem was recreated in
simulations, and the propagation of the E-field between these
cables can be visualised in Fig. 12 (a). To avoid that, each
coaxial cable is inserted into a long metal braided sleeve (cf.
Fig 10 and 11). The two metal sleeves are then tied together
so that they remain in electrical contact from beginning to
end. The two cables are shielded and the absence of gap
between the sleeves prevents the E-field from propagating, as
shown in Fig. 12 (b). The spikes in the antenna impedance
do disappear after the addition of the sleeves (cf. red curve in
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Fig. 13). Despite the proximity of the cables with the blades,
this configuration does not significantly impact the inter-port
isolation between the X and Y-polarisations, which remains
below -50 dB as long as the cables are accurately centred.
Fig. 13. Measured antenna and receiver impedances. The measured
impedance of the Vivaldi antenna does agree well with the simulation of
the model (f) in Fig. 6. Note also the presence of spikes with the Vivaldi feed
when the cables are not shielded by the sleeves.
IV. FIGURES OF MERIT AND PERFORMANCE
The performance of the system is assessed by simultane-
ously taking into account the electromagnetic properties of the
antenna including the dish, along with the electrical properties
of the receiver. The beams are simulated with CST, whereas
the reflectometry data of the antenna and of the receiver are
obtained with measurements performed with a VNA. The
performance of the dipole system is also given for comparison.
A. Radiation pattern
Fig. 14, 15, and 16 present the characteristics of the radia-
tion pattern. Despite the cables, it is symmetric in the E and
H-planes and smooth. The gain at zenith with the Vivaldi feed
progressively increases from 14 dB at 50 MHz up to 28 dB at
250 MHz. The comparison between the gain and the realised
gain shows that the losses caused by the impedance mismatch
with the receiver are below 1 dB, except around 50 MHz. On
average, the mismatch losses are even below 0.5 dB, which
corresponds to a return loss above 9.6 dB. This is better than
with the dipole feed and counterbalances the spillover losses.
In the case of the dipole, the presence of a cage allows the dish
illumination to be better controlled between 100 and 200 MHz,
but causes the beam to fork above 230 MHz and complicates
the impedance matching (cf. Fig. 13). Overall, with the new
feed the realised gain is higher at low and high frequencies,
and at a similar level for the mid frequencies.
Fig. 14. Cuts of the antenna gain in the E and H-planes, at 50, 150, and 250
MHz, and 3D gain at 150 MHz for the X-polarisation.
Fig. 15. Gain and realised gains at zenith.
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Due to the planar configuration of the blades and the
absence of a cage, the main beam is not perfectly circular.
The maximum sidelobe level is around -17 dB in the H-plane,
and -25 dB in the E-plane. Compared with the dipole, the level
is similar in the E-plane, and 5 – 10 dB higher in the H-plane.
Fig. 16. Maximum sidelobe level for an angle from zenith θ between -90°
and 90°, in the E and H-planes.
B. Frequency response of the system
The success of this experiment relies on the smoothness of
the system voltage response [12]. In particular, a fraction of the
received signal is reflected multiple times between the feed and
the dish, because of impedance mismatch with the receiver.
The quality of the matching at this interface is assessed with
the voltage reflection coefficient Γ presented in Fig. 17.
Fig. 17. Magnitude of the measured voltage reflection coefficient Γ at the
interface between the antenna and the FEM input.
This voltage coefficient is calculated from the impedances
of the antenna Zant and of the receiver Zrec (cf. Fig. 13) [31]:
Γ =
Zrec − Zant
Zrec + Zant
. (3)
Due to the wideband properties of the Vivaldi feed and the
absence of a cage which adds chromatic effects, the antenna
impedance is much flatter. Therefore, the reflections at this
interface can be mitigated in comparison with the dipole.
The propagation of the signal through the receiver can also
be affected by reflections, in particular within and at the ends
of the transmission cable. The method used to compute the
end-to-end system response is detailed in [18]. The antenna is
excited by an electromagnetic plane wave Ein (θ, ϕ), coming
with an angle of arrival defined by the spherical angles θ
and ϕ, and generates a voltage Vout (θ, ϕ) at the output of
the PAM. Thus, the frequency voltage response of the system
H (θ, ϕ) is defined in reception, such as:
Vout (θ, ϕ) =H (θ, ϕ) ·Ein (θ, ϕ) . (4)
The system voltage response depends on the antenna E-farfield
pattern Epat (θ, ϕ), and on the reflection and transmission
properties of the receiver which can be described by a 2-port
network and its 2x2 impedance matrix Zr. Is is equal to:
H (θ, ϕ) = −Epat (θ, ϕ)
[
4pi
kZfs
j
]
[
Zant + Z0
2ain
√
Z0
] [
ZLZr21
(ZL + Zr22) (Zant + Zr11)− Zr21Zr12
]
,
(5)
with k the wavenumber, Zfs the impedance of free space, ZL
the termination impedance of the receiver equal to 50 Ω, and
Z0 the antenna termination impedance equal to 100 Ω and
which is used in CST to excite the model with a incident
travelling wave ain and simulate the beam.
Fig. 18 presents the system frequency response at zenith
for the co-polarisation. The input signal is amplified by the
FEM and the PAM, and filtered. The periodic oscillations are
associated with reflections occurring at a distance equivalent
to the length between the feed and the vertex.
Fig. 18. Magnitude of the frequency response of the antenna - receiver system,
at zenith for the co-polarisation.
C. Time response of the system
The most important figure of merit is the time voltage re-
sponse of the system, which is obtained by Fourier transform.
This transformation reveals if the voltage reflection coefficient
is low enough and if the spectral structures in the frequency
response may affect the detection of the EoR. As detailed
in [12], a Blackman-Harris window function is applied to
the frequency signal before transformation. Compared with a
square window, the signal leakage in the time domain caused
by its transformation over a finite bandwidth is much more
limited. The results are given in Fig. 19 when the antenna is
terminated by the receiver or by a 100-Ω reference impedance,
in order to differentiate the chromatic contributions from the
antenna and from the receiver. The time response is normalised
and its maximum set at t = 0 to study its attenuation.
In the case of the Vivaldi feed, the time responses obtained
with the receiver (red curve) and with the 100-Ω impedance
(green curve) are similar. The receiver is largely achromatic
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and the response is quickly attenuated by a factor 105 after
230 ns. As for the dipole system, its response is much more
chromatic (blue curve). The intense spike at 1250 ns is caused
by the reflection of the signal at the end of the 150-m
coaxial cable connecting the FEM to the PAM. In addition,
micro-reflections occur within the cable. The system response
of HERA phase I has been studied in detail in [18]. This
problem has been solved in HERA phase II by using a radio-
over-fibre system with a 500-m optical fibre which is less
chromatic. Moreover, reflections occurring at 500 m would
not significantly limit the study of the EoR delay spectrum. In
practice, the received signal is analysed over small frequency
bands associated with the cosmological evolution of the signal
[32]. In Fig. 19, the time response is also computed over 50-
MHz sub-bands. The system is slightly more chromatic in the
lower band, but the response is still quickly attenuated. The
results for the dipole feed below 100 MHz and above 200 MHz
are not particularly relevant because of the bandpass filter.
Fig. 19. Time response of the antenna - receiver system, at zenith for the
co-polarisation. The response is also given when the antenna is terminated by
100 Ω. It is windowed by a Blackman-Harris window. The top plot is obtained
over the entire bandwidth, and the bottom plots over 50-MHz sub-bands.
Polarisation leakage from polarised sources and synchrotron
emission can also impact the detection of the EoR signal
[33]. We study the case where the X-blade is excited by a
plane wave with an orthogonal Y-polarisation coming from the
zenith. The ratio between the time responses of the cross and
co-polarisations is presented in Fig. 20. Due to the symmetry
in the beams between the X and Y-polarisations of the antenna,
this also corresponds to the ratio between the signals generated
by the ports 1 and 2. With the Vivaldi feed, the time response
of the cross-polarisation is about 200 times lower than the co-
polarisation response. This is about one order of magnitude
higher than with the dipole feed. This difference can be
explained by the presence of the cables which increases the
polarisation leakage by a factor 3, and the fact that signals can
more easily be exchanged between the voluminous blades.
Fig. 20. Ratio between the time responses of the cross and co-polarisations.
The effects of the cables between the blades of the Vivaldi feed are studied.
D. Antenna sensitivity
The sensitivity SA at the feed point of the antenna, and for a
given polarisation, is defined as the ratio between the effective
antenna aperture Aeff and the system noise temperature Tsys
[34]. It is assumed that Tsys is equal to the receiver temperature
Trec, plus the antenna temperature corresponding to the noise
received from the sky Tsky, plus a term associated with the
noise from the dissipative elements of the antenna at the
temperature T0 = 290 K and with the radiation efficiency
ηrad ≈ 99%. Trec varies between 60 K and 100 K, and further
information about the noise performance of the new receiver
system can be found in [30]. Thus, the sensitivity is equal to:
SA (θ, ϕ) =
Aeff (θ, ϕ)
Trec + ηradTsky + (1− ηrad)T0 . (6)
In order to simplify the comparison, first we consider that
the sky contribution is uniform. The sky temperature was
measured with EDGES [22] between 100 and 200 MHz, and
for a cold patch it can be approximated by a power law:
Tsky (υ) = T150
( υ
150 MHz
)−2.5
+ TCMB, (7)
with T150 = 283.20 K the average sky temperature at 150 K,
and TCMB = 2.725 K the temperature of the cosmic microwave
background. Except around 110 MHz, the new system is more
sensitive because the receiver temperature is lower thanks to
the use of better amplifiers and a better noise matching with
the antenna. The sharp drops in the dipole sensitivity at 105
and 195 MHz are caused by the bandpass filter of its receiver.
Fig. 21. Antenna sensitivity at zenith (Aeff/Tsys).
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Lastly, the radiation pattern is combined with a map of the
sky in order to simulate observations, which then can be used
in sky-calibration techniques for the telescope [35]. Fig. 22
presents the simulated system temperature obtained with the
reprocessed all-sky 408 MHz map of Haslam including the
strong extra-galactic radio sources [36], [37]. The spikes at 18
h and 8 h local sidereal time correspond to the transit of the
galactic plane above the beam. The flux density measured at
408 MHz has been scaled to 50 – 250 MHz by applying a
spectral index of 2.5. In practice, this index varies between
2.1 and 2.7 depending on the region of the sky observed [38].
However, this remains a good first approximation for regions
far from the galactic centre, typically observed by HERA [22].
Fig. 22. Simulated system temperature computed with the Haslam map and
a spectral index of 2.5, on 1st May 2020. The frequency resolution is 1 MHz,
and the time resolution is 5 minutes.
V. CONCLUSION
We have presented the design of the new Vivaldi feed
for the HERA radio-telescope. Illuminating a 14-m diameter
dish, this feed has been developed in conjunction with a
new receiver using radio-over-fibre. The main characteristic
of this system is the smoothness of its time response which
is quickly attenuated by a factor 105 after 230 ns. This aspect
is essential to limit the leakage of the foreground into the
EoR delay spectrum. The initial design has been trimmed
to reduce its weight and the wind load, while maintaining
good performance. The FEM is placed inside the cavity with
minimal effects on the electromagnetic properties of the feed.
The two control and power cables pass through the aperture,
exactly in the middle of the slot, to keep the beam symmetric.
They are inserted into metal braided sleeves which are kept
in contact to prevent the formation of a parallel transmission
line between the outer conductors. Compared with the former
dipole feed, the bandwidth has been extended from 100 – 200
MHz to 50 – 250 MHz, while mitigating the reflections and
improving its sensitivity. However, the absence of elements
around the feed to taper the radiation pattern, such as a
metal cage, makes the dish illumination less efficient and the
sidelobe level a bit higher, at low frequencies. The cross-
polarisation response has also been degraded, but still remains
200 times lower than the co-polarisation response.
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